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The ability of proteins to fold to their functional states following synthesis in the intracellular environ-
ment 1s one of the most remarkable features of biology. Substantial progress has recently been made
towards understanding the fundamental nature of the mechanism of the folding process. This under-
standing has been achieved through the development and concerted application of a variety of novel
experimental and theoretical approaches to this complex problem. The emerging view of folding is that it
1s a stochastic process, but one biased by the fact that native-like interactions between residues are on
average more stable than non-native ones. The sequences of natural proteins have emerged through evolu-
tionary processes such that their unique native states can be found very efficiently even in the complex
environment inside a living cell. But under some conditions proteins fail to fold correctly, or to remain
correctly folded, in living systems, and this failure can result in a wide range of diseases. One group of
diseases, known as amyloidoses, which includes Alzheimer’s and the transmissible spongiform
encephalopathies, involves deposition of aggregated proteins in a variety of tissues. These diseases are
particularly intriguing because evidence is accumulating that the formation of the highly organized
amyloid aggregates is a generic property of polypeptides, and not simply a feature of the few proteins
associated with recognized pathological conditions. That such aggregates are not normally found in
properly functional biological systems is again a testament to evolution, in this case of a variety of
mechanisms inhibiting their formation. Understanding the nature of such protective mechanisms is a
crucial step in the development of strategies to prevent and treat these debilitating diseases.
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amyloid fibrils; ageing
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1. PROTEIN FOLDING AND MISFOLDING

A living organism may contain as many as 100000
different types of protein. Following synthesis on the ribo-
some, each protein molecule must fold into the specific
conformational state that is encoded in its sequence in
order to be able to carry out its biological function. How
this process happens is one of the most fascinating and
challenging problems in structural biology (Dobson &
Fersht 1995). In the cell, folding takes place in a complex
and highly crowded environment, and the folding process
is aided by a range of auxiliary proteins (Gething &
Sambrook 1992; Ellis & Hartl 1999). These proteins
include molecular chaperones, whose main role is to
protect the incompletely folded polypeptide chain from
non-productive interactions, particularly those that result
in aggregation, and folding catalysts, whose job is to
speed up potentially slow steps in the folding process such
as those associated with the isomerization of peptidyl—
prolyl bonds and the formation of disulphide bonds.
However, it is evident that the code for folding is
contained within the amino-acid sequence of the protein
itself because it has been shown that proteins can reach
their correct folded structure i vitro in the absence of any
auxiliary factors, providing that appropriate conditions
can be found (Anfinsen 1973). The questions of how the
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fold 1s encoded in the sequence, and how the process of
folding takes place, are at last beginning to be answered
in a credible manner. Progress in this area has come
about as a consequence of novel experimental strategies
to probe the structural transitions that take place during
folding n wvitro, and of innovative theoretical studies
designed to simulate these transitions (Dobson & Karplus
1999). Perhaps of greatest importance has been the fact
that these approaches have been brought together in a
synergistic manner to advance our fundamental under-
standing of this highly complex process.

In vivo, the beginning of the folding process is the
nascent chain as it emerges from the ribosome. In vitro,
folding begins from a fully formed polypeptide chain that
has been unfolded, usually by addition of a chemical
denaturant such as urea. In both cases the polypeptide
chain is highly disordered before folding is initiated. In
the extreme case, approximated rather well for many
proteins in denaturants, the protein is said to be in a
‘random coil’ state, where only local steric interactions
constrain the conformations adopted by the molecule
(Shortle 1996; Smith et al. 1996). In order to achieve the
native state encoded by the fold, the protein molecule has
to find its way to this unique conformation rather than
one of the countless alternatives. Contemplation of this
problem gave rise to the ‘Levinthal paradox’, which can
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be stated most simply as the fact that it would take an
almost infinite time for even a small polypeptide chain to
search all possible conformations to find the correct
(lowest energy) structure, yet real proteins fold rapidly,
frequently in less than 1s (Karplus 1997).

The solution to this apparent paradox has emerged
recently through the consideration of the energy surfaces
or ‘landscapes’ on which the folding reaction occurs
(Bryngelson et al. 1995; Dill & Chan 1997; Dobson et al.
1998; Dinner et al. 2000). This approach recognizes that
folding should not be considered as being analogous to a
small molecule reaction, such as breaking and forming a
small number of single, strong covalent bonds, but as a
biased search on an energy surface that is generally
rather flat, i.e. where there are many conformations of
similar energy. Such a surface arises because the confor-
mation of a protein is determined by a very large number
of relatively weak non-covalent interactions, such as
hydrogen bonds and hydrophobic interactions. The bias
in folding arises because on average the ‘correct’, i.e.
native-like, contacts between residues are more stable
than ‘incorrect’, or non-native, interactions in any protein
that can fold successfully (Dinner et al. 2000). On this
statistical or ‘new view’ of protein folding, a given poly-
peptide chain within the ensemble of conformations
making up the denatured state samples only a small
number of conformations during its biased search of
conformational space, leading it to increasingly lower
energy (figure 1). This process is, however, a stochastic
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Figure 1. Free-energy (F) surface of a 27-mer
model protein as a function of the number of
native contacts (Q ;) and the total number of
(native and non-native) contacts (() obtained by
sampling the accessible configuration space using
Monte Carlo simulations. The yellow trajectory
shows the average path traced by structures in
1000 independent trials that each began in a
different random conformation. The other two
trajectories (green and red) show a range of two
standard deviations around the average and are
thus expected to include ca. 95% of the trajectories.
The structures illustrate the various stages of the
reaction. From one of the 10'® possible random
starting conformations, a folding chain collapses
rapidly to a disordered globule. It then makes a
slow, non-directed search among the 10!° semi-
compact conformations for one of the approxi-
mately 10% transition states that lead rapidly to the
unique native state. (From Dinner ez al. 2000.)

one, and different members of the initial conformational
ensemble form their stabilizing contacts in very different
orders. The energy surface is itself determined from the
sequence, and the key feature of any sequence that can
fold successfully is that the shape of its energy surface is
such that all, or at least the large majority, of the folding
routes, or trajectories, lead efficiently to the single lowest
energy conformation, the native state.

Considerable progress on the calculation of the surfaces
appropriate to protein folding has come about as a result
of theoretical simulations of the folding process. Because
of the complexity of the problem and the limitations of
present computer power, these studies have largely used
simplified models of proteins. Such models need to be
sophisticated enough to encompass key features of protein
folding, e.g. there is a Levinthal paradox, but simple
enough to allow many simulations to be carried out in a
reasonable time (Dobson et al. 1998). Although molecular
dynamics simulations, in which all the atoms in the
protein are explicitly defined, are becoming viable for this
purpose, the most common type of model is a ‘lattice
model’. A lattice model represents a protein as a string of
beads that interact with one other according to a set of
simplified potentials (figure 1). The folding process can
then be simulated by using Monte Carlo methods in
which moves of the chain are biased towards those that
result in lower energies. Such methods have been extre-
mely important in establishing the fundamental principles
of folding, i.e. how a protein could fold. In order to
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o/P intermediate

discover how an actual sequence does fold, however,
experimental data need to be obtained to which the simu-
lations can be related.

Investigating the folding of a protein by experimental
methods 1s challenging, both because of the magnitude
and rate of the conformational changes that occur, and
because of the extreme heterogeneity of the ensembles of
conformations that exist at all but the very last stages in
the folding process. There are two main approaches that
have been developed to overcome these problems. The
first is to use biophysical techniques capable of moni-
toring the properties of a molecular ensemble as folding
progresses (Evans & Radford 1994; Plaxco & Dobson
1996). Because of the rapidity of the folding process, such
methods usually need to be applied in stopped or
quenched flow mode and a number of methods need to
be used 1n concert to map different conformational prop-
erties of the ensemble. Thus, for example, far ultraviolet
circular dichroism (UV CD) can be used to monitor the
evolution of secondary structure during a folding reac-
tion, whilst near UV CD or fluorescence can be used to
follow the development of tertiary interactions. An
increasing number of techniques is being developed for
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Figure 2. Schematic free-energy
(F) surface representing features
of the folding of hen lysozyme
(a protein of 129 residues
whose structure consists of two
domains denoted o and B). Q 4
and Qg are the numbers of
native contacts in the o and
domains. The yellow trajectory
represents a ‘fast track’ in which
the o and B domains form
concurrently and populate

the intermediate (labelled a/f)
only transiently. The red
trajectory represents a ‘slow
track’ in which the chain
becomes trapped in a long-lived
intermediate with persistent
structure in only the oo domain;
further folding from this
intermediate involves either a
transition over a higher barrier,
or partial unfolding to enable
the remainder of the folding
process to occur along the fast
track. Residues whose amide
hydrogens are protected from
solvent exchange in the native
structure (as assessed by NMR)
are coloured red (o domain)

or yellow (B domain); all others
are blue. In each case, regions
indicated to be native-like by
monitoring the development

of hydrogen exchange pro-
tection during kinetic refolding
experiments are drawn as
ribbon representations of the
native secondary structure
elements (a-helices and
B-sheets). (From Dinner e/ al.
2000.)

this purpose on increasingly short time-scales (Callender
et al. 1998). Of particular importance, because of its
ability to define structure at the level of individual resi-
dues, is nuclear magnetic resonance (NMR) spectroscopy
and significant advances have recently been reported in
the application of this technique to study folding
(Dobson & Hore 1998; Dyson & Wright 1998).

The second experimental approach to studying the
mechanism of folding is to use the methods of protein
engineering (Matouschek et al. 1989; Fersht 1999). This is
a particularly important strategy because it is able to
investigate the nature of the transition state for a folding
reaction. The essence of the method is to examine the
effects on the folding and unfolding kinetics consequent
upon mutations of individual residues in the sequence.
This approach has been applied in detail to the study of a
series of small proteins that fold with apparent two-state
kinetics, and provides dramatic evidence that the rate-
determining steps in folding involve the formation of
native-like contacts around a small number of key resi-
dues. This finding has provided compelling evidence for a
‘nucleation-condensation’ mechanism of folding whereby
the majority of the protein structure forms rapidly once a
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nucleus of key interactions has formed (Fersht 1997). As
well as providing information about the folding of specific
proteins, comparison of the transition states of different
proteins is beginning to provide insight into the determi-
nants of the folding process. In particular, the transition
states of proteins appear to be similar in proteins of
similar native state topology, even if the specific sequences
are unrelated, and the rates of folding can be correlated
with the pattern of the inter-residue contacts formed
within different structures (Plaxco et al. 1998; Chiti e/ al.
1999a; Baker 2000). Conclusions of this type strongly
support the concept of a common fundamental mechanism
for folding, and are highly encouraging that some rela-
tively straightforward principles will emerge to link a
sequence to the structure that it encodes.

The folding of small proteins, typically those of less
than about 100 residues, appears to be limited by the time
required to search for the crucial interactions that are
needed to permit rapid progression to the native struc-
ture. For larger proteins, however, the folding process is
typically more complex, and is usually associated with
the population of one or more partially folded inter-
mediate states. The reason for this is likely to be that
larger polypeptide chains have a greater tendency to
collapse to a compact state in aqueous solution, even if
the contacts between residues in such a state are not those
associated with the completely native structure. In such a
situation, the rate-limiting steps in folding can be the
reorganization of inter-residue interactions within a
more-or-less disordered collapsed state (Dobson et al. 1998).
Within such a state the barriers to reorganization are
likely to be much greater than in extended structures, and
indeed may involve the breaking of non-native contacts
prior to the formation of more stable native ones. This
situation can give rise to complex kinetics, and also to
distinct heterogeneity in the rate at which different mole-
cules are able to achieve the native structure. In other
words, some molecules may form in the initial stages of
folding sets of contacts between residues that allow the
remainder of the structure to form rapidly. Others, in the
statistical process, may form contacts that subsequently
generate intermediates that must be substantially re-
organized before the complete set of native-like inter-
actions can be formed. Such behaviour is seen both in
simulations and in experiments. Indeed, in the case of
lysozyme (figure 2), a protein we have studied in great
detail, not only is heterogeneity of folding observed under
a variety of circumstances, but there is also evidence that
this may arise in part from the nucleation of the folding
reaction occurring independently in different regions of
the structure (Dobson et al. 1994; Thirumalai & Klimov
1999; Morozova-Roche et al. 1999; Dinner e al. 2000).

As the size and complexity of proteins increase, there-
fore, the folding process becomes more complex. Inter-
mediates with only partially formed structures can be
populated and have significant lifetimes. In addition,
events that may be termed ‘misfolding” may take place
during the search for the stable native-like contacts
between residues. That such complexities are seen even in
the benign environment of a dilute solution of a pure
protein suggests that they are even more likely to occur in
the crowded environment of the cell. Undoubtedly,
molecular chaperones are able to mitigate some of the
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Table 1. Representative protein folding diseases

(ER, endoplasmic reticulum. Data from Tan & Pepys (1994);
Thomas et al. (1995); Kelly (1998); Lansbury (1999).)

site of
disease protein folding
hypercholesterolaemia low-density lipoprotein ~ ER
receptor
cystic fibrosis cystic fibrosis trans- ER
membrane regulator
phenylketonuria phenylalanine cytosol
hydroxylase
Huntington’s disease huntingtin cytosol
Marfan syndrome fibrillin ER
osteogenesis imperfecta ~ procollagen ER
sickle cell anaemia haemoglobin cytosol
al-antitrypsin al-antitrypsin ER
deficiency
Tay—Sachs disease B-hexosaminidase ER
scurvy collagen ER
Alzheimer’s disease B-amyloid/presenilin ER
Parkinson’s disease a-synuclein cytosol
scrapie/Creutzfeldt— prion protein ER
Jakob disease

familial amyloidoses transthyretin/lysozyme  ER

retinitis pigmentosa rhodopsin ER
cataracts crystallins cytosol
cancer pa3 cytosol

consequences of this complex behaviour and provide
some protection for the incompletely folded chain (Ellis
& Hartl 1999). But the idea that proteins can misfold, or
fold to intermediates that may undergo undesirable re-
actions such as aggregation, provides insight into potential
problems that can arise during folding even in the best
designed environments. Folding and unfolding are also
now known to be coupled to many of the key events in the
functioning of a biological system, including translocation
of proteins across membranes, protein trafficking, secre-
tion of extracellular proteins, and the control and regula-
tion of the cell cycle (Radford & Dobson 1999). Thus, the
failure of proteins to fold—or to remain folded under
physiological conditions—is likely to cause malfunctions
and hence disease (Thomas et al. 1995, Dobson 1999aq).
Indeed, an increasing number of diseases is now linked to
phenomena that can loosely be described as ‘misfolding’
a selection of these is given in table 1.

2. PROTEIN AGGREGATION AND AMYLOID DISEASES

Among the diseases in table 1 are those that are asso-
ciated with the deposition of proteinaceous aggregates in
a variety of organs such as the liver, heart and brain (Tan
& Pepys 1994; Prusiner 1997; Kelly 1998; Lansbury 1999).
Many of these diseases are described as ‘amyloidoses’
because the aggregated material stains with dyes such as
Congo red in a manner similar to starch (amylose), the
aggregates are referred to as ‘amyloid’ and the typical
fibrous structures (figure 3) as ‘amyloid fibrils’ A list of
known amyloid diseases is given in table 2, along with the
protein component that is associated with the extra-
cellular aggregates in each case (Sunde et al. 1997). It is
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Figure 3. Amyloid fibrils from the Ile56Thr variant of human
lysozyme produced by transmission electron microscopy. Scale
bar, 200 nm. (From Morozova-Roche e al. 2000.)

evident that these diseases include many of the most
debilitating conditions in modern society, particularly
those associated with ageing such as type II diabetes and
Alzheimer’s disease. Some are familial, some associated
with medical treatment (e.g. haemodialysis) or infection
(the prion diseases), and some are sporadic (e.g. most
forms of Alzheimer’s). Many of the diseases (such as the
amyloidoses associated with the protein transthyretin)
can be found in both sporadic and familial forms. In
addition to these diseases, there are others—notably
Parkinson’s and Huntington’s diseases (Lansbury 1999;
Perutz 1999)—that appear to involve very similar aggre-
gates but which are intracellular not extracellular and are
not therefore included in the strict definition of amyloi-
doses. Many of the deposits include proteins additional to
those primarily involved in the fibrillar structures. In
addition, there is considerable debate as to whether the
fibrillar aggregates themselves give rise to the clinical
manifestations of the disease, particularly in the case of
the brain pathologies such as Alzheimer’s and Creutzfeldt—
Jakob diseases, and it has been suggested that precursor
aggregates of the fibrils may be the primary cause of the
diseases, perhaps instigating the destruction of neurons
(Lansbury 1999). In systemic amyloidoses, however, it
seems likely that the sheer volume of material involved,
sometimes kilogram quantities, by itself can disrupt
organs such as the liver and the spleen to cause them to
malfunction (Tan & Pepys 1994).

Among the proteins linked with amyloidosis 1s lyso-
zyme, the protein whose folding we have studied in parti-
cular depth. Our studies led to the idea that this protein
would be an exciting one to choose to try to understand
at the molecular level the nature of the ‘misfolding’ tran-
sition that converts the protein from a soluble to a fibrillar
structure (Booth et al. 1997). One of the striking charac-
teristics of the amyloid diseases is that the fibrils asso-
ciated with all of them are very similar in their overall
properties and appearance (Sunde & Blake 1997). The
fibrils are typically long (often several micrometres),
unbranched and ca. 10nm in diameter (figure 3). They
have a variety of tinctorial properties, notably staining
with Congo red and exhibiting a green birefringence
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Table 2. Fibril protein components and precursors in amyloid
diseases

(Data from Sunde et al. (1997).)

clinical syndrome fibril component

AP peptide, 1-42, 1-43
full length prion or fragments
intact light chain or fragments
76-residue fragment

of amyloid A protein
transthyretin variants and

Alzheimer’s disease

spongiform encephalopathies

primary systemic amyloidosis

secondary systemic
amyloidosis

familial amyloidotic poly

neuropathy I fragments
senile systemic amyloidosis wild-type transthyretin and
fragments
hereditary cerebral amyloid  fragment of cystatin-C
angiopathy
haemodialysis-related B2-microglobulin
amyloidosis
familial amyloidotic fragments of apolipoprotein
polyneuropathy I1 A-1I
Finnish hereditary 71-residue fragment
amyloidosis of gelsolin
type 11 diabetes fragment of islet-associated
polypeptide

medullary carcinoma
of the thyroid

atrial amyloidosis

lysozyme amyloidosis

insulin-related amyloid

fibrinogen a-chain
amyloidosis

fragments of calcitonin

atrial natriuretic factor

full length lysozyme variants
full length insulin

fibrinogen o-chain variants

under polarized light. A range of experiments, particu-
larly X-ray fibre diffraction, indicates that the fibrils have
extensive B-sheet character, and that these sheets run
perpendicular to the fibril axis to generate what is
described as a cross-B structure (Sunde & Blake 1997).
This observation is remarkable in view of the fact that the
soluble native forms of the proteins associated with these
diseases vary very considerably in their nature. Some
proteins are large, some small, some are largely helical,
some largely sheet. Some are intact in the fibrous form,
others are at least partially degraded. Some are cross-
linked with disulphide bonds and some are not. This simi-
larity of the fibrillar forms of the proteins prompted the
proposal that there are strong similarities in the inherent
structure of the amyloid fibrils and in the mechanism by
which they are formed (Sunde & Blake 1997; Dobson
19994). Thus the study in depth of the relationship
between the folding and ‘misfolding’ of one system could
have very general value in understanding this whole class
of diseases.

One of the very important observations for this
proposal was that the fibrillar forms of many of the
disease-related proteins could be generated iz vitro. In the
case of fibrils formed from peptides (often fragments of
larger proteins) that are largely unstructured in solution,
such fibrils typically form under a wide range of solution
conditions. In the case of fibrils formed from intact globu-
lar proteins, however, the fibrils typically form under
conditions under which the native state is somewhat
destabilized (Kelly 1998; Chiti et al. 19995). Thus in the
case of the two known disease-related human lysozyme
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Figure 4. Schematic view of the structure of human lysozyme.
The major elements of secondary structure are labelled; the four
disulphide bonds are not shown in this representation. The

amyloidogenic mutations Ile56 Thr and Asp67His are indicated.

Figure 5. Proposed mechanism for lysozyme amyloid fibril
formation. Blue, B-sheet structure: red, helical structure;
dotted lines, undefined structure. A partially folded form of the
protein (ii) self-associates through the f domain (iv) to initiate
fibril formation. This intermediate provides the template for
further deposition of protein and for the development of the
stable, mainly B-sheet, core structure of the fibril (v). The
undefined regions in (v) represent the possibility that not all of
the polypeptide sequence is involved in the cross-f structure.
The nature of this residual structure in (v) is not known, and
the figure is not intended to represent any defined secondary
structural type. (From Booth ez al. 1997.)
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Figure 6. Time dependencies of amyloid fibril formation of
the Ile56Thr variant of human lysozyme under a particular
set of solution conditions. The quantity of amyloid present
was monitored through the change in the fluorescence of
thioflavin-T associated with its binding to the fibrils. Values
are means of four measurements. Filled squares, protein
incubated without seeding; open circles, seeding with 2% by
volume of a similar solution in which fibrils of Ile56Thr
lysozyme had previously been allowed to form. (Adapted from
Morozova-Roche et al. 2000.)

variants, fibrils form most readily at low pH or at slightly
elevated temperatures (Booth et al. 1997; Morozova-
Roche et al. 2000). Experiments to examine the nature of
the amyloidogenic variants (Ile36Thr and Asp67His)
show that the structures of the proteins in their soluble
native states are similar to that of the wild-type protein
and have no obvious perturbations that could explain
their tendency to aggregate (Booth et al. 1997). But
experiments reveal that the two variants are destabilized
relative to the wild-type protein to similar extents,
although the origin of this instability is different (Canet
et al. 1999). Thus the Ile56Thr variant is destabilized
largely because its folding rate is reduced, whilst the
Asp67His is destabilized largely because it unfolds more
rapidly. It therefore appears that the decreased protein
stability rather than the altered folding kinetics is a
common feature of these two variants. In further experi-
ments it was demonstrated that the lower stability of the
native state results in the population of a partially folded
state that is very similar to the major (o domain)
intermediate populated on the folding pathway of the
wild-type protein (Canet et al. 1999). This finding can be
rationalized because the mutations destabilizing the
native fold are located in the f domain of the protein, the
region that is not highly structured in the predominate
intermediate (figure 4).

This observation suggests a mechanism for the for-
mation of amyloid fibrils from the variant lysozymes, in
which the partially folded intermediates aggregate in a
first step in the formation of the ordered structure found
in the fibrils (Booth e al. 1997, Canet et al. 1999;
Morozova-Roche et al. 2000). The unfolded region of the
intermediate is primarily in the f domain of the protein,
suggesting that the aggregation process might be initiated
by the intermolecular association of B-strands that are
mnvolved 1in intramolecular interactions in the native
structure (figure 5). This proposition is supported by the
observation of the ready formation of amyloid fibrils from
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0

Figure 7. Model of the polypeptide fold in SH3 fibrils. (a) Overview of the fibril structure, showing the outer surface as a green
mesh and the protofilaments as solid blue surfaces. The ribbon-like protofilaments form the skeleton of the fibril structure. A
model for the molecular packing is shown in (b—d), with the electron micrograph map as a transparent rendered surface. (b) Side
view of a single protofilament. (¢) Cross-section of the fibril and () slightly tilted side view of the fibril. B-sheets derived from the
SH3 structure have been fitted into the map, after opening the B-sandwich fold and reorientating and straightening the strands.
The remaining regions of polypeptide sequence are shown as disconnected dots, to indicate the number of residues present but
not the conformation. The B-sheets contain a mixture of parallel and antiparallel strands. This particular arrangement is
arbitrary and was chosen because it required the least rearrangement of the native B-sheet structure, although there is no
evidence that the regions of sheet that are present in the native fold are specifically or uniquely present in the fibrils. The B-sheets
fit well into the protofilament density, and the loops provide the right amount of mass to generate the rest of the density. (From

Jiménez et al. 1999.)

a peptide corresponding to part of the B domain of the
homologous hen lysozyme (Krebs et al. 2000). In terms of
the energy landscape model of protein folding, discussed
in §1 and illustrated in figure 2, the mutations destabilize
the native state such that, under conditions where the
wild-type protein is stable in its native state, the variants
may not be. This destabilization can allow the variants to
access partially folded states through the fluctuations in
structure, inherent in all proteins, under conditions where
the wild-type protein cannot. Calculations based on
hydrogen exchange protection suggest that the population
of partially folded proteins under physiological conditions
1s nearly 1000 times greater in the variants than in wild-
type lysozyme (Canet e/ al. 1999). This conclusion allows
one to speculate that the amyloidogenic variants have
sufficient stability to fold efficiently so as to escape the
quality control mechanisms in the endoplasmic reticulum
and to be secreted into extracellular space (Dobson
19994). However, unlike the wild-type protein, they have
insufficient stability to remain in their native states under
all conditions to which they are exposed. Moreover, it has
been speculated that endosomal compartments where the
pH is reduced might be important in the formation of
amyloid. Under low pH conditions i vitro conversion to
amyloid fibrils has been found to be particularly facile
(Morozova-Roche et al. 2000). In addition,
experiments have shown that fibril formation is acceler-
ated substantially when solutions are seeded with

wn vitro
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preformed fibrils (figure 6). Such a mechanism has been
suggested as being responsible for the rapid onset of some
amyloidoses, and indeed of the infectivity of the prion
diseases (Lansbury 1999).

The picture emerging from the studies of lysozyme has
many features in common with the results of studies of
other amyloidogenic proteins, notably those of trans-
thyretin (Kelly 1998). Of particular importance is the
finding that the native state needs to be disrupted to allow
fibril formation to occur, and that at least partially
unfolded species are accessible under conditions when
such fibril formation is rapid. This conclusion is consistent
with the observation that most amyloidogenic mutations
in the various proteins associated with disease are
destabilizing, and that several diseases are associated with
fibrils formed by fragments of proteins that are not able
to fold into a native-like structure (Kelly 1998). There
are, however, many questions about amyloid formation
that remain to be answered. For example, is there any
common feature in the group of 20 or so proteins that
explains why they form fibrils in vivo whilst other proteins
do not appear to do so? And what is the structure of the
fibrils that results in them appearing so similar, regardless
of the nature of the protein from which they form? A
chance observation during studies of the folding of a
small SH3 domain was the stimulant to further work
from our laboratory that begins to address both these
questions.
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3. THE GENERIC NATURE OF AMYLOID STRUCTURE

In studies of the conformation of the SH3 domain from
bovine PI3 kinase at low pH, when the protein is in a
largely unfolded state, it was found that the protein
readily formed a viscous gel. Examination of the gel
using electron microscopy revealed the presence of large
numbers of fibrils that closely resemble those formed from
the proteins associated with amyloid diseases (Guijarro
et al. 1998). Moreover, the aggregates showed all the other
characteristics of amyloid fibrils, and were to all intents
and purposes identical to these other structures. This
observation prompted us to explore the possibility that
similar fibrils could be formed from other proteins by
placing them under mildly denaturing conditions that do
not immediately result in visible precipitation, and exam-
ining the solutions over often prolonged periods of time
(Chiti et al. 19995). For a range of representative proteins
with no known connection with any disease we have been
able to find conditions under which conversion occurs
into fibrils very similar to those associated with amyloid
disease (table 3). We shall refer to these types of
structures as ‘amyloid fibrils’ in future, regardless of
whether or not they are associated with disease. The
proteins studied included wild-type human lysozyme,
which forms fibrils under similar but more destabilizing
conditions than the amyloidogenic intermediates
(Morozova-Roche et al. 2000), and the archetypal glob-
ular protein, myoglobin (Findrich et al. 2001). For the
latter it is particularly evident that the protein has under-
gone a substantial conversion from its soluble a-helical
form to the aggregated B-sheet conformation found in
the fibrils. Such findings, along with a number of related
observations, prompted us to conclude that the ability to
form amyloid fibrils is not a characteristic associated
wholly or primarily with those proteins found to be asso-
ciated with amyloidoses, but a property that could be
common to many or indeed all proteins under appro-
priate conditions (Guijarro et al. 1998; Chiti et al. 19990;
Dobson 1999a).

The ability to generate samples from a wide variety of
protein sequences provides us with an opportunity to
study a much wider range of properties of amyloid fibrils
than was previously possible. Indeed, the SH3 fibrils turn
out to be particularly well ordered when grown slowly
under controlled conditions, and in some cases have an
extremely regular helical twist. These features of the
fibrils have enabled high-resolution cryo-electron micro-
scopic studies of their structure to be carried out, and a
relatively detailed electron density map to be obtained
(Jiménez et al. 1999). This study reveals the fibrils to be
composed of four ‘protofilaments’, wound around a
hollow core to generate a twisted hollow tube. From the
electron density map a tentative model of a possible
arrangement of the B-sheet structure could be generated
(figure 7). This model, like several earlier proposals, indi-
cates that the structure of the protofilaments is based on
hydrogen bonds between the polypeptide main chain
(Sunde & Blake 1997; Jiménez et al. 1999). As this feature
is common to all polypeptides, it explains how the fibrils
from different proteins appear so similar, regardless of
the length and sequence of the polypeptide involved. In
contrast to the situation in native proteins, we suggest
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Table 3. Conversion of representative globular proteins into
amyloud fibrils in vitro

native
structure
protein type reference
PI3-SH3 B Guijarro et al. (1998)

domain
FnIIl domain
acylphosphatase o/
ADA%h o/P

Litvinovich et al. (1998)
Chiti et al. (19990)
Villegas et al. (2000)

a-lactalbumin o+ B C. Redfield et al.,
unpublished data
lysozyme a+p Krebs et al. (2000);

Morozova -Roche et al. (2000)
Pertinhez et al. (2001)
Fandrich etal. (2001)

cytochrome ¢55,
apo-myoglobin o

that the side chains are not a strong influence on the basic
structure of the protofilaments. Nevertheless, the manner
in which the protofilaments pack together to form mature
fibrils may well depend significantly on those parts of the
polypeptide chain that are not involved directly in the
close-packed B-strands (Chamberlain et al. 2000). Thus,
the fibrils from different peptides and proteins are varia-
tions on a common theme. One can speculate that the
dimensions of the protofilaments, and the lengths of the
B-strands within them, may be determined simply by the
physicochemical properties of an unfolded polypeptide
chain. Presumably the length of the strands in a regular
structure will be a balance between the stabilizing contri-
butions of individual hydrogen bonds and the probability
of a turn occurring in the polypeptide chain. It is inter-
esting in this regard that the persistence length of a
random coil polypeptide chain is approximately eight to
ten residues (Smith et al. 1996), a range similar to that of
the lengths of individual strands in the amyloid struc-
ture—and indeed to the typical lengths of strands formed
in the native structures of proteins (Branden & Tooze
1999).

The proposal that amyloid fibrils are a generic struc-
ture of polypeptide chains has stimulated us to suggest
that the conformational properties of all proteins should
be considered in terms of the multiple states that are access-
ible to such structures (Dobson 19994; Dobson & Karplus
1999). This suggestion is illustrated in figure 8 in a sche-
matic manner. This diagram suggests that the various fates
awaiting a polypeptide chain once it has been synthesized
in the cell will depend on the kinetics and thermodynamics
of the various equilibria between different possible states.
Thus, the normal folding process may pass through
partially folded states on the route to the fully native state,
but the aggregation of these species will be minimized by
the presence of molecular chaperones. In addition, if the
protein is able to fold rapidly, any partially folded species
will have a short lifetime, reducing the probability of inter-
molecular interactions occurring. Moreover, once folded,
the native state is generally a highly compact structure
that conceals the polypeptide main chain within its
interior. Such a state is protected from aggregation except
through the interactions of surface side chains (as is the
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Figure 8. Schematic of some of the states accessible to a
polypeptide chain following its biosynthesis. In its monomeric
state, the protein is assumed to fold from its highly disordered
unfolded state (U) through a partially structured intermediate
(I) to a globular native state (N). The native state can

form aggregated species, the most ordered of which is a
three-dimensional crystal, whilst preserving its overall
structure. The unfolded and partially folded states can form
aggregated species that are frequently disordered, but highly
ordered amyloid fibrils can form through a nucleation and
growth mechanism. (From Dobson 19995.)

case, for example, in protein crystals) and is unable to
form the strong intermolecular hydrogen bonds associated
with the polypeptide backbone. Provided that the native
state 1 maintained under conditions where it remains
folded, aggregation to amyloid fibrils will be resisted by
the kinetic barrier associated with unfolding, even if the
aggregated state is thermodynamically more stable.
Importantly, the cooperative nature of protein structures
means that virtually none of the polypeptide chain in indi-
vidual molecules is locally unfolded, and that virtually no
molecules in an ensemble are globally unfolded, even
though native proteins are only marginally stable relative
to denatured ones under normal physiological conditions
(Dobson 19994; Dobson & Karplus 1999).

This picture enables us to speculate on the origins of
the amyloid discases from the point of view of the
physico-chemical properties of the protein molecules. If
the stability or cooperativity of the native state of a
protein is reduced, for example by a mutation, the popu-
lation of non-native states will increase, as discussed
above for the amyloidogenic variants of lysozyme. This
rise will increase the probability of aggregation, as the
concentration of polypeptide chains with at least partial
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exposure to the external environment will be greater.
Whether or not aggregation does occur will depend on
the concentration of protein molecules, the intrinsic
propensity for a given sequence to aggregate when
unfolded, and on the rate of the aggregation process. The
fact that formation of ordered amyloid fibrils can be
seeded, like the well-studied processes of crystallization
and gelation, means that once the aggregation process 1is
initiated it often proceeds very much more rapidly
(Harper & Lansbury 1997, Morozova-Roche et al. 2000;
Krebs et al. 2000). In the absence of seeding there can be
long ‘lag’ phases before aggregation occurs (figure 5).
This lag can be thought of as arising because the growth
of a fibril cannot occur until a ‘nucleus’ of a small number
of aggregated molecules is formed. Such a nucleus can be
formed by the local fluctuations in concentration that
occur in solution as a result of random molecular motion.
When such fluctuations result in a local concentration of
molecules above a critical value, the molecules associate
with one other to form a species that is sufficiently large
to have intrinsic stability, and hence to grow in size by
interacting with other molecules in the solution. The act
of seeding provides such nuclei to the solution and hence
reduces or abolishes the lag phase.

4. A GENERAL MECHANISM OF AMYLOID
FORMATION

On this view of the aggregation process, the critical
step 1s the unfolding of the native structure. In the case of
most proteins, except the smallest ones discussed at the
beginning of this article, unfolding under physiological
conditions will not generate the type of highly unfolded
states seen in high concentrations of denaturant. Instead
the denatured protein will be more stable in a partially
collapsed ‘intermediate’ state that may well resemble the
folding intermediates observed in the normal folding
process (Dobson et al. 1998). The generic nature of the
structure and mechanism of amyloid formation suggests
that the nature of the residual structure in such inter-
mediates has little direct importance in dictating the
structure of the resulting aggregates, although it may
indicate which regions of the protein are most likely to be
incorporated in the B-sheet segments of the fibrils. For
example, in the case of lysozyme it is likely that the
B structure in the fibrils is mainly formed from the
B domain that is highly unfolded in the intermediate
populated under conditions where amyloid forms (Canet
et al. 1999; Krebs et al. 2000). The o domain may be
incorporated into the fibrils as a disordered but partially
structured helical region connecting the B-strands, as
seen in the loop regions of the SH3 structure (Jiménez et
al. 1999). The intermediates may be important, however,
for another reason in that they are generally much more
soluble than highly unfolded polypeptides, enabling the
concentrations of non-native species to reach those
required for nucleation as described above.

This general view of amyloid formation can readily be
extended to include the existence of sporadic as well as
familial diseases (i.c. those involving mutations that desta-
bilize the protein or provide the unfolded or partially
unfolded polypeptide chain with an increased tendency to
aggregate) and infectious diseases (for example, if they are
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Figure 9. Tertiary structure of the protein ADA2h. Surface
mutations in ®-helix 1 are shown in red and those in a-helix 2
in blue. Both sets of mutations reduce substantially the
propensity of the denatured protein to aggregate, although
they have relatively little effect on the structure or stability of
the native protein. (From Villegas et al. 2000.)

nucleated by seeding with already aggregated species).
Such diseases could arise from the loss of the normal
control and regulation processes that enable proteins to be
maintained in their required states under all conditions in
the organism (Chiti et al. 199956; Dobson 1999q). It is
perhaps particularly likely that such control is lost in
ageing, and the majority of the cases of sporadic diseases
such as Alzheimer’s or type II diabetes are associated with
old age. It is significant that in a high proportion of elderly
people even wild-type transthyretin, which in its mutant
forms is associated with familial amyloidosis, is found as
amyloid structures in organs such as the heart (Kelly
1998). The exact manner in which this happens is unclear,
but it could be as the result of statistical factors (compar-
able with those observed in lag phases in vitro), to the
effects of changes in the cellular environment, or to the
failure of the normal degradation mechanisms for proteins.
Interestingly, many of the diseases in this category involve
the deposition of peptide fragments, and the process of
degradation in compartments such as lysozomes involves
conditions such as low pH that serve to unfold proteins
prior to the action of proteases. Such mildly denaturing
conditions are particularly favourable for the nucleation
and growth of amyloid structures.

The idea that amyloid is a generic form of protein
structure leads to the question of why it is only asso-
ciated with disease (although in yeast and some other
fungi it has been suggested that amyloid may play a role
in normal behaviour—see Lindquist 1997; Wickner et al.
1999). One possible explanation is as follows. The forma-
tion of amyloid fibrils is difficult to control, and once
formed it is often extremely difficult or impossible to
degrade. It is not therefore a favourable material for an
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efficient living organism to use. It seems, therefore, that
biological evolution has managed to select some
sequences that are able to fold to compact, globular and
soluble forms that resist aggregation and conversion to
fibrillar structures, at least when protected in a highly
stable and controlled environment (Dobson 1999aq).
These remarkable structures are the native states of
proteins that are involved in every process occurring in
the cell. The appearance of amyloid in living systems
may therefore be associated with mutations that destabi-
lize proteins sufficiently for them to convert into fibrils
when the wild-type protein would not, but are
sufficiently stable to evade the quality control mechan-
isms in the cell and to function sufficiently normally to
allow the organism to develop and reproduce. Amyloid
also appears in old age where evolutionary pressure is
reduced after the reproductive life span, and in other
conditions such as kuru or bovine spongiform encephalo-
pathy (BSE), which are connected with abnormal
practices such as ingestion of tissue from other members
of the same species (Prusiner 1997). This conceptual
picture enables all of these diseases to be rationalized at
least in general terms on a similar basis.

The inherent propensity for proteins—and indeed
other molecular species—to aggregate is therefore one of
the primary issues that living systems have to control in
order to survive. The development of molecular chaper-
ones is one example of a strategy to minimize the effects
of aggregation and these molecules are now recognized to
be crucial in enabling the cell to produce proteins
efficiently and localize them appropriately in the cell
(Ellis & Hartl 1999). The evolution of sequences with the
very special ability to form cooperative globular struc-
tures, and of the control mechanisms to maintain these
molecules under appropriate conditions, is undoubtedly
an even more fundamental mechanism of avoiding aggre-
gation (Dobson 1999q). Just as eflicient computers need to
be small to enable electrons to move rapidly between
components, so living cells need to be small and densely
packed to allow molecular diffusion to transfer informa-
tion efficiently. It is truly a remarkable achievement
of evolution to generate in cells solutions of macro-
molecules at concentrations in excess of 300 mgml™',
comparable with those of some crystalline solids,
without  non-specific  interactions or aggregation
(Luby-Phelps 1994; Minton 2000). It is interesting to
speculate, however, that the material rejected by biology
could be useful in modern technology. The structure of
amyloid, with organization on a nanometre scale, suggests
that it might have important applications as an almost
infinitely functionalizable nanomaterial. Indeed, it has
already been shown that non-biological groups with novel
optical properties can be introduced into peptide-based
fibrils, demonstrating the wviability of this proposal
(MacPhee & Dobson 2000).

The ability of natural proteins to form amyloid struc-
tures does not violate the crucial hypothesis that a protein
sequence codes for a single fold (Anfinsen 1973). The
nature of amyloid is that it is not coded for by the
sequence, as it 1s formed as a consequence of interactions
mnvolving the common polypeptide backbone of all
proteins. Its rate and ease of formation will of course
depend on the sequence, both as a consequence of the
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readiness for different side-chains to pack together within
the structure, and as a consequence of the solubility and
stability of the sequence in solution (Chiti ef al. 20005). In
this sense the formation of amyloid fibrils can be likened
to crystallization. Virtually all molecules crystallize (in-
cluding, for example, all the individual amino acids),
although they differ in their readiness so to do. In
general, biology has not used crystalline proteins, except
in rare instances such as insulin stored in the pancreas
(Dodson & Steiner 1998). It is the side-chains, however,
that code for the specific fold of globular proteins by their
ability to pack together in a unique manner to form
compact globular structures. Furthermore, it is not neces-
sary for an alternative protein fold to be present to allow
amyloid to be formed. We believe that the structures of
amyloidogenic intermediates do not define the structure
of the resulting amyloid fibrils, as discussed above, but
that within the ensemble of conformations that comprise
unfolded or partially folded states, structures are acces-
sible that can aggregate through the formation of -
sheets. There is therefore no need for the sequence to code
for a specific amyloidogenic intermediate in order for
fibrils to develop.

5. LOOKING TO THE FUTURE

The generic picture of amyloid structure and the
mechanism of its formation provides a conceptual frame-
work for linking together the various pathological condi-
tions associated with deposition of this material, and
hence to suggest possible general approaches to the
prevention or treatment of the whole family of amyloid
diseases. From the viewpoint of physical chemistry, the
origin of enhanced amyloidogenicity is either a reduced
stability of the native state, or the increased tendency to
aggregate of any accessible populations of unfolded or
partially folded species. Both of these factors can, as we
have discussed, result from single amino-acid mutations.
One therapeutic strategy is, therefore, to increase the
stability of the protein involved. This approach has been
explored in detail for transthyretin, where substrate
analogues that stabilize the native state have been shown
to reduce the tendency for amyloidogenic mutants of the
protein to form fibrils (Klabunde et al. 2000). Studies of
the small protein acylphosphatase have shown that this is
likely to be a general method of reducing the tendency to
form amyloid fibrils under conditions where the native
state of a protein has low stability (Chiti et al. 2000a).
Investigation of acylphosphatase and ADA2h (Villegas
et al. 2000; Chiti et al. 20000) has also indicated that
mutations that reduce the aggregation tendency of the
denatured state are very effective at inhibiting fibril
formation (figure 9). Indeed, with acylphosphatase, rates
of aggregation can be reduced by a factor of 1000 by
single changes of amino-acid residues at positions in the
protein that do not perturb significantly the stability or
functional behaviour of the protein (Chiti et al. 20005).
These findings suggest that a strategy such as gene
therapy could in principle be viable to inhibit an amyloid
disease by specific modification of the sequence of the
protein whose aggregation is the primary origin of the
clinical symptoms. Importantly, it has been demonstrated
that liver transplants, which remove the origin of variant
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proteins associated with amyloidogenesis, can result in
remission of disease and gradual disappearance of the
fibrils from the body (Stangou et al. 1999).

In addition to these strategies, therapeutic methods
have been developed that are designed either to inhibit
amyloid formation by blocking fibril growth (Soto et al.
1998) or to inhibit serum amyloid protein (SAP), a
protein that binds to fibrils iz vive and protects them from
succumbing to the normal degradative processes (Gill-
more et al. 1997). Such approaches are very promising,
and the enhancement of our knowledge of the mechanism
of fibril growth and degradation should help enormously
to design effective therapeutic strategies. The fundamental
knowledge that can come from the ability to probe the
aggregation properties of a range of sequences, rather
than just those identified in association with recognized
diseases, should enable the role of particular interactions
and specific structural motifs in these processes to be
explored. This knowledge could result in design strategies
that are significantly more general and potentially more
effective. Given that many of the amyloid diseases are
associated with old age, the need for novel approaches to
drug design will be increasingly important in the future.
One can speculate that as the human life span increases,
the number of cases of the known diseases is likely to
increase substantially, and indeed that novel diseases asso-
ciated with the aggregation of proteins not so far linked to
clinical symptoms might become significant in ageing
populations.

As well as the significance of this work in under-
standing the relationship between folding, misfolding and
disease, there are other consequences of the recent find-
ings about amyloid formation that have been discussed in
this paper. The ability to understand the aggregation
behaviour of proteins in more detail, and to develop ways
of controlling it, has tremendous possible significance for
increasing the use of proteins for commercial purposes,
for example as catalysts of specific reactions. In addition,
the ability to control aggregation phenomena has
considerable importance in terms of fundamental studies
of their properties. In the context of structural biology,
for example, control of solubility is of critical importance
in inducing efficient crystallization of proteins for X-ray
studies, and in generating increased solubility for NMR
studies. In addition, the nature of amyloid fibrils suggests
that they could form the basis of almost infinitely func-
tional nanomaterials that are biocompatible and highly
stable over a wide range of conditions (MacPhee &
Dobson 2000). The development of these various lines of
enquiry from observations that were initially somewhat
fortuitous (Guijarro et al. 1998) illustrates the importance
of interdisciplinary research at the interfaces of the
physical, biological and medical sciences.

The work described in this article has involved a wide range of
students, post-doctoral workers and colleagues in the University
of Oxford and elsewhere. The names of many of these people,
without whom none of this work would have been possible, are
largely to be found in the papers cited in this article. I am
particularly indebted to John Ellis for critical reading of this
manuscript and for assisting in the preparation of table 1. The
Oxford Centre for Molecular Sciences is supported by the
Biotechnology and Biological Sciences Research Council,
the Engineering and Physical Sciences Research Council and
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the Medical Research Council. The research of C.M.D. is also
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Discussion
B. E. P. Swoboda (Department of Biological Sciences, University
of Warwick, UK). Do you think that all newly synthesized
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proteins are protected by chaperones or are there some
‘Anfinsen’ proteins that do not require them?

C. M. Dobson. I think it is likely that molecular chaper-
ones of one type or another are involved with the folding
of at least the majority of proteins. It is clear, however,
that in the case of some chaperones such as GroEL, only

a relatively small proportion of proteins use them to assist
their folding (Ellis 2000).

M. Joniau (University of Leuven, Belgium). You showed us a
multicoloured picture of the B-stack structure of a fibril
with a left-handed turn. Then you showed a picture of the
insulin fibril, which has a right-handed turn. How can
one reconcile these two structures?

C. M. Dobson. Many of the amyloid fibrils observed in
electron micrograph studies appear to be made up of an
assembly of protofilaments that are twisted together. The
handedness of such structures cannot be revealed directly
from such images, but more detailed studies can define
this property. It appears that most of the fibrils studied so
far are left-handed (Chamberlain et al. 2000), but this
was not known when some of the models were
constructed (Jiménez et al. 1999).

Anonymous. I have two questions about amyloid fibrils.
What is their concentration in vitro? Do you observe the
formation of mixed fibrils?

C. M. Dobson. Fibrils form under a variety of conditions,
depending on the protein. As an example, the fibrils
shown in figure 3 were grown from a solution of
10 mg ml~" of the [le56Thr variant of human lysozyme at
pH 2.0 and 37 °C. The fibrils can, however, be concen-
trated by centrifugation or other means to much higher
levels. We have shown that mixed fibrils can be formed
under some circumstances (MacPhee & Dobson 2001),
but we do not yet have enough evidence to comment on
the generality of this finding. We are presently investi-
gating this phenomenon in detail.

C. Weissmann (Medical Research Council Prion Unit, Imperial
College School of Medicine at St Marys Hospital, London, UK).

Are there effects of crowding on water activity iz vivo?

C. M. Dobson. The effects of crowding on the thermo-
dynamic properties of solutions are dramatic. For
example, in accordance with crowding theory, the associa-
tion constants of interacting macromolecules are increased
100- to 1000-fold by the addition of crowding agents that
mimic the total concentrations of macromolecules inside
cells. This effect has long been known, but has been largely
neglected by biochemists and molecular biologists—it
deserves much more study (see Minton 1998).
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